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We have purified the arrow poison extracted from 
Diamphidia  nigro-ornata pupae by the !Kung Bush- 
men of Southern Africa, and named it diamphotoxin. 
The toxin is a single chain polypeptide of M, = 60,000 
with an isoelectric point of pH 9.5. It blocks neuro- 
muscular function and is cardiotoxic and hemolytic, 
and the minimum lethal dose for mice is 25 pg ( ~ 0 . 5  
fmol). 
The toxin binds tightly to cells, permitting the reso- 
lution of two distinct phases. Erythrocytes exposed to 
toxin in the absence of  divalent cations show no appar- 
ent lesion (phase I). After washing and addition of 1 
mM Ca", there occurs a rapid efflux of K' followed by 
the loss of hemoglobin (phase 11). The pH optimum for 
phase I is pH 6.7 and for phase I1 pH 8.6. The action 
of the toxin is noncatalytic, requiring a solution concen- 
tration of approximately 65 toxin molecules/cell for 
hemolysis of sheep erythrocytes under standard con- 
ditions. Ca2+ ions induce a conformational change in 
the free, purified toxin molecule. We propose that this 
change also occurs in  membrane-bound toxin. Hemol- 
ysis would result from the formation of channels per- 
mitting the diffusion of small cations. 
The !Kung Bushmen who inhabit  the  Kalahari  Desert  and 
the adjacent savannah of northwestern Botswana use poi- 
soned arrows to  hunt large mammalian prey. In  this region, 
the poison comes  primarily  from the  pupae of the chrysomelid 
beetles Diamphidia nigro-ornata and Polyclada flexuosa. The 
cocoons of these  insects (Fig. la)' are excavated by the  Bush- 
men who extract  the enclosed pupae (Fig. l b )  to  obtain  the 
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arrow  poison. In a typical preparation, four or five fresh pupae 
(each weighing approximately 0.2 g) are  macerated  together 
with a knife point of baked  and powdered seed  pods of the 
tree Schwarzia madagascariensis and a salivary extract of 
acacia  bark. This concoction is then applied  sparingly to  the 
sinew binding immediately behind the barbs of each of a 
dozen arrows. When  air-dried,  such arrows retain  their  lethal 
potency  for at least 1 year. 
Reports on the use of beetle pupae in Bushman arrow 
poisons date back to  the early observations of Paterson (I), 
and reviews of the  relevant  literature have  been  published by 
Schapera (2) and by Shaw et al. (3). Boehm (4) identified the 
toxic material  in  the  pupae  as a  "toxalbumin" which caused 
hemoglobinuria.  Breyer-Brandwijk (5 )  raised an  antibody  to 
the  toxin in rabbits.  She  reported  that  the  toxin behaved as a 
protein and was inactivated by boiling and  that  the  pupal 
extracts caused hemolysis. 
We undertook  to purify the  toxin  and  examine  its  phar- 
macological and biochemical characteristics because its  great 
potency (a single arrow suffices to kill an  adult giraffe weigh- 
ing over one-half ton) suggested that it might have novel 
properties. The  results of this work are  presented below. 
EXPERIMENTAL PROCEDURES 
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RESULTS 
Preliminary studies on extracts of D. nigro-ornata pupae 
confirmed the older reports  on  their  lethality  and hemolytic 
action. We  found the  pupae  to be a  10-fold  richer  source of 
toxin activity  than  the  adults  on a weight basis, and we were 
unable to detect any activity in extracts of the leaves of 
Commiphera angolensis which could account for the presence 
of the  toxin  in  the  pupae by direct  ingestion. Intramuscular 
injection of a lethal  quantity of pupal  extract  in mice caused 
a local paralysis in  the region of the injection. Death followed 
after 12-18 h,  and we found local necrosis of the tissue  in the 
immediate region of the  site of injection.  Addition of pupal 
extract at a final  dilution of lo4 to  cultures of chick embryo 
myotubes  resulted in  an immediate loss of the cell's contractile 
response to acetylcholine stimulation  and in visible disinte- 
gration of the cells in the monolayer  within 20 min. 
Physical  Characterization 
The purified toxin recovered from DEAE-chromatography 
was electrophoresed on a 6-15% polyacrylamide gel in 0.1% 
SDS' (8). Staining the gel with Coomassie blue revealed a 
single protein  band (Fig. 6) whose migration  corresponded to 
M, = 60,000. Equilibrium centrifugation of the purified  toxin 
yielded a molecular weight estimate of 62,000. The  electro- 
phoretic behavior of the toxin in SDS-polyacrylamide gels 
was not affected by reduction and alkylation. 
Isoelectric  focussing of the purified molecule yielded a sharp 
peak of activity at  a pH of 9.5, in accord  with the observation 
that  the  toxin behaved as a basic protein.  The  results of amino 
acid analysis  are shown in  Table 11. Only  one NH2-terminal 
amino acid (glutamine  or glutamic acid) was detected. 
The isolated protein was identified as  the toxic factor by 
two procedures. Rabbit  antibodies raised to  this  protein  after 
inactivation with  glutaraldehyde  completely blocked the  he- 
molytic activity of the  material from  phosphocellulose  peak I. 
These  antibodies also inhibited  the hemolytic  activity  in  peaks 
I1 and 111, although less effectively than  that of peak I (Fig. 
7). Addition of irrelevant  antibodies did not  detectably  inhibit 
hemolysis. Note  that reducing the  extent of hemolysis by 10 
The  abbreviations used are: SDS, sodium dodecyl sulfate; FCS, 
fetal calf serum; MLD, minimal  lethal dose; SRBC, sheep red blood 
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HU  to  50%  in  this  system,  as i  the case  for the lowest  value 
for peak 111, represents a 90% inhibition of activity. The 
relationship between the active factors  in  the  three  phospho- 
cellulose peaks was further elucidated by double radial im- 
munodiffusion. The  precipitin  lines shown in Fig. 8 indicate 
immunological identity between the  antigens in peaks I and 
11, while the  spurs at both  junctions with peak I11 indicate 
that  this  material  lacks  antigenic  determinants  found  on  the 
molecules in the other two peaks. The active factors in all 
three  peaks  are obviously  very closely related,  and  their  struc- 
tures probably  differ  only in  minor respects. 
Further confirmation of the  identity of the isolated mole- 
cule was provided by the hemolytic underlay procedure  (Fig. 
9).  The  underlay showed  a clear zone of hemolysis  limited to 
the region of the  band of isolated protein.  There was no lysis 
under a band of an  equivalent  quantity of albumin, showing 
that  the lytic zone was probably not  attributable  to a local 
concentration of SDS.  The  underlay gel technique was used 
to examine the material from the three phosphocellulose 
activity  peaks (Fig. 5). These gels showed lytic activity  in  the 
M, = 60,000-70,000 range for each peak, providing further 
evidence that  the active factors  in  the  three  peaks  are closely 
related. 
Functional Characterization 
Hemolytic Actiuity-To identify  the  mechanism of action 
of diamphotoxin, we considered principally two functional 
activities:  phospholipase action  and selective  modification of 
membrane permeability. The rapid lethality and hemolytic 
effect (exposure of erythrocytes  to relatively high toxin  con- 
centrations produced lysis within a few minutes) suggested 
that  the  toxin was probably not  acting  as a  metabolic  poison. 
The toxin was inactivated by 3.3 X M p-bromophena- 
cylbromide under  conditions known to inactivate phospholi- 
pases (29-31). A number of phospholipases require mM Ca2+ 
(32-35), and toxin-mediated hemolysis had an absolute re- 
quirement for divalent  cations.  This  finding led us carefully 
to  examine toxin preparations for  phospholipase  activity. 
When assayed under conditions (see  "Methods") which 
detected  trace  amounts of phospholipase A, C, or D,  the  toxin 
preparations showed no phospholipase activity using either 
[I4C]lecithin or erythrocyte  membrane phospholipid as a sub- 
strate  (data  not  shown).  Proteolytic  activity was not  detected 
in  purified toxin  preparations  either by the zymographic gel 
procedure or with '"I-fibrin as substrate. The kinetics of 
hemolysis  also indicated  that  the hemolytic action was prob- 
ably not enzymatic. When  the  spectrophotometric  assay was 
modified to  increase  the  ratio f cells to toxin and  the period 
of incubation was extended beyond  6  h, conditions were found 
where an  apparently  stoichiometric  relationship could be 
shown  between the  quantity of toxin  in  the medium and  the 
number of cells lysed (Fig. loa).  Under  these  conditions, 0.04 
HU of toxin (3.24 x lo-' g or 3.26 x 10"' molecules) lysed 0.5 
X 10' cells (Fig. lob).  Thus, a ratio of 65 toxin molecules/ 
erythrocyte gave 50% lysis of the  sample in  6  h.  We  conclude 
that  the  toxin  is  not a  phospholipase. 
Another modification of the  spectrophotometric  assay was 
used to examine the extent to which hemolysis could be 
related  to  disruption of the cellular osmoregulatory mecha- 
nisms. Samples of a 0.45% SRBC  suspension were incubated 
with 20 HU/ml of toxin and 0-0.3 M sucrose in Veronal- 
buffered saline  containing 0.5% gelatin a t  37 "C for 60 min. 
The release of hemoglobin and K+ from the cells was esti- 
mated by spectrophotometry  and flame photometry, respec- 
tively. The efflux of K' from cells exposed to toxin was 
unaffected by the sucrose concentration in the medium, while 
the release of hemoglobin decreased  with increasing sucrose 
concentration, falling to zero at  0.3 M sucrose  (Fig. 11). This 
suggested that  the  primary  action of the  toxin was to produce 
a channel that permitted the transmembrane diffusion of 
small ions and water. In analogy to  the  effect of complement, 
this would lead to hemolysis as a  secondary  consequence of 
osmotic  deregulation. 
The omission of divalent  cations from the  routine Veronal- 
buffered saline completely blocked the hemolytic  activity of 
the toxin; a comparable effect was also obtained by addition 
of adequate  concentrations of EDTA (Fig.  12b). Optimal  rates 
of hemolysis were obtained at  1 mM Ca2+, a concentration 
very close to  the level of free Ca2+ in vertebrate body fluids. 
The  rate of hemolysis  decreased sharply below 1 mM Ca2+ and 
decreased  less  rapidly a t  higher  Ca2+ concentrations (Fig. 13). 
The effects of other  divalent  cations  on  the  rate of hemolysis 
are shown in  Table 111. Hemolysis in  the presence of 1 mM 
Ca2+ was reduced progressively by La3+ concentrations above 
Once the  requirement for divalent  cations  in  the  action of 
diamphotoxin  had been  identified, we were able to define two 
phases in the hemolytic event. Erythrocytes exposed to an 
excess of toxin  (25 HU/ml) in the absence of divalent  cations 
and  then extensively  washed to remove all free  toxin  remained 
intact for several hours (phase I), but would lyse within 
minutes  after  the medium was supplemented with 1 mM Ca2+ 
(phase 11). 
Flame photometry was used to  monitor  the release of K+ 
by the  erythrocytes  after exposure to toxin. No increase in 
K' release could be detected  during  phase  I,  but a rapid  and 
massive release of K+ coincided with  the  start of phase I1 
(Fig. 14a)  and preceded the escape of hemoglobin from the 
cells (Fig. 14b). Using the silicone oil procedure (see  "Meth- 
ods"), we observed a Na+ influx apparently coincident with 
the K+ efflux. 
The percentage hemolysis during  phase I1 depended both 
on  the  duration of the preceding incubation  and  on  the  toxin 
concentration present during phase I. Phase I had a pH 
optimum at  pH 6.7, while the  optimum for phase I1 was at  
pH 8.6 (Fig. 15). Toxin  solutions  preincubated with SRBC in 
medium  free of divalent  cations were depleted of hemolytic 
activity. The  extent of this depletion was proportional  to  the 
number of cells present  during  the  preincubation period (Fig. 
16). 
The  toxin did not affect  Ca2+ distribution across the  eryth- 
rocyte membrane. Using the silicone oil procedure, we were 
unable  to  detect  any  change  in permeability to 45Ca2+ in  toxin- 
exposed SRBC. Ca2+ uptake by the sarcoplasmic reticulum 
vesicle preparation was not affected by the  addition of 250 
HU/ml of toxin,  either  during  the course of Ca2+ uptake  or 
during a 10-min  preincubation period (data  not  shown).  Fac- 
tors which render the sarcoplasmic reticulum vesicle mem- 
brane permeable to  Ca2+, such as A23187, allow accumulated 
Ca2+ to leak out of the vesicles and appear to block Ca2+ 
uptake  in  this system.  Our data  thus  indicate  that  diampho- 
toxin  renders  the  SRBC  membrane p rmeable to Na' and K+ 
(ionic  radii 2.76 and 2.32 A, respective1y)but  not  to sucrose 
and hemoglobin (Stokes radii 4.4 and 31 A respectively) and 
that  it does not affect Ca2+ (ionic radius 3.21 A )  permeability 
of SRBC  or sarcoplasmic reticulum vesicle membranes (36, 
37). 
Conformational  Studies-These studies  on  the toxin showed 
an increase in  amplitude of the negative CD peak in  the region 
of 210-230 nm  and a shift of the peak  toward shorter wave- 
length when the  toxin was exposed to Ca" ions  (Fig. 17).  The 
CD spectrum of a  buffer blank was not affected by the addition 
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of Ca'+. The specific fluorescence of the toxin/8-anilino-1- 
naphthalenesulfonate  solutions increased  with increasing 
Ca2+  concentration. At  10 mM CaCl,, this  increase was  9-fold. 
Control  solutions from which toxin was omitted showed no 
change  in specific fluorescence  with changing Ca'+ concentra- 
tion. Addition of La"+ to  the toxin/8-anilino-1-naphthalene- 
sulfonate solutions also resulted in an increase of specific 
fluorescence with 0.1 mM La"+ yielding an increase of the 
same  magnitude  as was generated by 10 mM Ca2+.  Exposure 
of pure  toxin  to La:'+ at  0.1 mM likewise increased the  ampli- 
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The Isolated Perfused Rat Heart-This developed a 2:1 
atrioventricular block after 8 min of exposure to 1 HU/ml of 
toxin in the  Krebs  solution  perfusate (Fig. 18) and progressed 
through a 3:l block to independent atrial and ventricular 
activity. Ventricular  activity ceased after  about 15 min. An 
increase  in lactate dehydrogenase levels in the perfusate, 
detectable after 10 min, signaled cellular disruption by the 
toxin  in  this  system  as well. In  the  control  condition where 
toxin was omitted from the perfusate, the heart activity 
remained stable for at  least 30 min. Toxin concentrations 
exceeding 1 HU/ml provoked a very rapid deterioration of 
cardiac activity. 
The Guinea Pig Ileum  Longitudinal Muscle Myenteric 
Plexus  Preparation-When exposed to 1 HU/ml  toxin in the 
bathing medium, this  preparation showed a transient increase 
in tonicity followed by a rapid fall in the response to the 
stimulus  over a period of about  10 min. Repeated washing of 
the preparation with toxin-free medium did not restore its 
responsiveness.  If, however, the  preparation was exposed to 1 
HU/ml of toxin in medium containing no Ca'+ or M f ,  


























11930 Bushman Arrow Poison 
free medium, and  then  returned  to  the  standard  Krebs-Ringer 
solution,  it regained 50-100%  of its  initial responsiveness to 
electrical stimuli. 
Species Susceptibility to Hemolysis-Erythrocytes from a 
number of species were substituted  for  SRBC  in  the  turbidity 
assay  and used to  assay a standard  solution of 100 HU/ml of 
toxin.  Table IV shows that  there was a wide range  in suscep- 
tibility, with dog erythrocytes being  most  rapidly lysed, while 
those of the baboon and the toad showed extremely slow 
hemolysis that was only detectable after prolonged incuba- 
tion. NO correlation could  be found between  published data 
on  membrane phospholipid  composition (38, 39) and  the  rate 
of hemolysis  for the  different species. 
P. flexwsa-Exploratory studies  on  extracts of P. flexuosa 
pupae showed them to be lethal to mice and powerfully 
hemolytic. However, the profile of protein bands in SDS- 
polyacrylamide gels for P. flexwsa  extracts did not show the 
dominant bands a t  M ,  = 60,000 found in D. nigro-ornata 
extracts.  The  extracts also  differed in  that  the toxic activity 
from P. flexwsa could be adsorbed  on DEAE-cellulose. 
DISCUSSION 
The  protein  that we have isolated is a potent lethal and 
hemolytic toxin; the minimal lethal dose for adult mice is 
around 25 pg, and it produces red cell lysis at a solution 
concentration of approximately 5 X lo-" M, corresponding  to 
65 molecules/cell in  the  assay  system used. When  the losses 
associated with  purification  are allowed for, the highly puri- 
fied molecule, together with the closely related species in 
phosphocellulose peaks I1 and 111, easily account for  all of the 
lethal  and hemolytic activity  in  the  pupal  extract. Additional 
considerations  that identify diamphotoxin  as  the major  bio- 
logically active factor  in  pupal  extracts include the following 
1) Protective rabbit antisera raised against highly purified 
toxin  cross-react  strongly  with  the closely related  and  as  yet 
incompletely  purified  species separated  on phosphocellulose. 
2) Throughout all of the  fractionation procedures tested,  it 
proved  impossible to  separate  the  lethal  and hemolytic factors 
and  there was no evidence indicating  that  either  activity was 
associated with unrelated molecules. 3) Hemolytic activity 
was  clearly associated  with the single  band of highly  purified 
protein seen in SDS-polyacrylamide gels. For all of these 
reasons,  there  appears  to be little  doubt  that  the molecule we 
have  isolated is responsible  for the  activity of Bushman  arrow 
poison. 
Our best  preparations of diamphotoxin  (Fraction V) were 
highly pure  as  indicated by the following criteria. 1) Consid- 
ering  the high potency of the  material,  it would be surprising 
if the  lethal  and/or hemolytic activities were entirely  due  to 
trace  contaminants  with  the bulk of the  protein being biolog- 
ically inert. 2) The  protein behaved as a  homogeneous  single 
species of molecular weight approximately 60,000 both  in  the 
ultracentrifuge  and  on SDS-polyacrylamide gel electrophore- 
sis, and  it gave a  single band  on immunodiffusion. 3) Only a 
single NHn-terminal  amino acid,  glutamic  acid or glutamine, 
was detected. Taken together, these considerations support 
the conclusion that  diamphotoxin  is  both highly purified and 
represented by the bulk of the  isolated  protein species. 
On the assumption that diamphotoxin is indeed highly 
purified and correctly  identified as the M,  = 60,000 protein, 
our  results may  be  considered with two further  questions  in 
mind. The  first is, how does the toxin bring about red cell 
lysis? We could not  obtain  any evidence  for the involvement 
of phospholipase activity,  either  intrinsic  to  the  toxin itself 
or being activated  as a product of the  toxin-erythrocyte  inter- 
action. The toxin appeared also to be devoid of protease 
activity. Furthermore,  the  rapidity of its  lethal  and hemolytic 
actions suggests that it is not acting as a specific enzyme 
inhibitor  nor  interfering with  some essential metabolic func- 
tion. 
Any useful working hypothesis concerning the nature of 
toxin  action  should be  expected to accommodate the following 
facts. 1) Direct assay of residual toxin (Fig. 16) and the 
kinetics of red cell lysis  (Fig. 10) show that  the toxin acts  in 
a stoichiometric fashion and seems to be consumed during 
the hemolytic  reaction. A small  number of toxin molecules, 
fewer than 100, suffice to cause the lysis of a sheep red cell. 
2) The hemolytic  reaction is biphasic, with a divalent  cation 
requirement  limited  to  the second phase. 3) Toxin-induced 
hemolysis is prevented when erythrocytes are osmotically 
stabilized  by  addition of sucrose, but  enhanced red cell perme- 
ability to K' persists. 
With  these  facts in mind, we offer the following tentative 
working hypothesis, recognizing that the limited evidence 
available does not yet permit all other possibilities to be 
rigorously excluded. This hypothesis is  attractive because it 
is  consistent with  all of the  salient  facts  and suggests  a number 
of experimental  tests. 1) We  propose that  diamphotoxin  in- 
teracts with erythrocytes, and presumably with other cell 
types, to form channels that permit the rapid diffusion of 
small monovalent cations across the plasma membrane. 2) 
Channel formation would occur in two steps. In the first 
stages, the  toxin  attaches  to  the c ll surface without  perturb- 
ing the normal permeability barriers. The firmness of this 
association, which survives  repeated  washing and prolonged 
incubation at 37 "C  in  Ca2+-free  media, would be compatible 
with the  incorporation of toxin molecules into  the lipid bi- 
layer. 3)  In  the second phase, exposure of toxin-bearing  eryth- 
rocytes to  suitable  concentrations of divalent  cations would 
promote  the  formation of ion-permeable channels by inducing 
a conformational change in the attached (or incorporated) 
toxin molecules. 
This hypothesis is compatible with ( a )  the noncatalytic 
nature of toxin  action  and  with  the  apparent  consumption of
toxin  that occurs during  incubation  with  erythrocytes, (6) the 
observation that  different  pH  optima apply to  each of the two 
phases of toxin-provoked hemolysis, and (c) the large changes 
in 8-anilino-l-naphthalenesulfonate fluorescence and toxin 
CD spectra  that accompany  exposure to  Ca2+. 
The second question concerns the  lethal  action of the arrow 
poison, and  our  hypothesis also  provides  a  reasonable  expla- 
nation for this.  Intravascular hemolysis  leading to hemoglo- 
binuria could promote  death by renal failure or, more  acutely, 
by disturbances of electrolyte balance. Furthermore, toxin- 
mediated perturbations of ion distribution  are  not limited to 
red cells. The rapid disruption of cardiac rhythm already 
referred  to, the  destructive effect on myotubes in  culture,  and 
the local paralysis  that regularly follows intramuscular injec- 
tion  all  indicate  that several vital  functions which depend  on 
excitable cells can be blocked by the toxin. I t  seems likely 
that  the  predominant  cause(s) of death  in  an individual  case 
will be determined by the  site of injection, rate of absorption, 
and  total dose of toxin  administered. 
Finally, the toxin raises a series of questions about its 
obscure role in  the life cycle of D. nigro-ornata.  Because it is 
one of the major pupal  proteins  and  its  concentration is at  
least 10-fold lower in  the  adult,  diamphotoxin seems likely to 
perform some function important during the pupal phase. 
Related  questions of interest  concern  the localization of the 
toxin  within  the  pupa  and  the way in which the  pupa copes 
with its  potentially lytic action. All of these  points  are  intrigu- 
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